Malaria causes over 200 million cases and nearly 650,000 deaths per year worldwide[@b1], with the most severe disease caused by *Plasmodium falciparum*. Recent gains in malaria control and progress towards elimination and eventual eradication are under threat because of the rise of drug-resistant parasites[@b2] and insecticide-resistant mosquitoes[@b3]. Eventual global eradication is likely to depend on the development of multi-stage vaccines that prevent or limit blood-stage infection and block ongoing transmission. Previous clinical trials of blood-stage antigens such as merozoite surface protein 2 (MSP2) and apical membrane antigen 1 (AMA1) suggested that vaccine-induced immune responses can reduce the parasite burden, although their efficacy is potentially limited by the antigenic polymorphisms of *Plasmodium* blood-stage antigens[@b4][@b5].

MSP2 is a \~23-kDa surface coat protein essential for survival of the asexual blood-stages of *P. falciparum*[@b6][@b7][@b8]. MSP2 consists of a central variable region (VR) that constitutes 60% of the protein, flanked by conserved N-terminal and C-terminal regions (NTR and CTR, respectively)[@b9][@b10]. All forms of MSP2 can be grouped into two allelic families, 3D7 and FC27, based on dimorphic sequences within the VR[@b9][@b10][@b11][@b12][@b13]. These sequences are interspersed by more polymorphic repeat sequences, with the 3D7 allele characterized by highly variable GSA-rich repeats, and FC27-MSP2 harbouring tandem repeats of 32- and 12-residue sequences ([Fig. 1A](#f1){ref-type="fig"})[@b9][@b14][@b15][@b16]. MSP2 is highly disordered, lacking any well-defined conformation in solution[@b17], and the conformational and antigenic properties of various MSP2 regions are defined entirely by local sequence features[@b17][@b18]. In particular, all MSP2 epitopes mapped to date consist of short linear sequences[@b19].

Anti-MSP2 antibodies are generated following natural infections and correlate with the age-dependent protection observed in adults and children over the age of 5 years[@b20][@b21]. Anti-MSP2 antibodies are mostly of the IgG1 and IgG3 subtypes and function through antibody-dependent cellular inhibition (ADCI), opsonic phagocytosis and complement-mediated mechanisms[@b22][@b23][@b24]. The acquisition of anti-MSP2 antibodies alone or in combination with antibodies targeting other *P. falciparum* antigens is an important indicator of a reduced risk of clinical infection[@b20][@b23][@b25].

The Combination B vaccine, composed of full-length 3D7 MSP2 (Ag1624), MSP1 (190LCS.T3, N-terminal end, K1 allele) and the C-terminal 70% of RESA (Ag1505H), adjuvanted in Montanide ISA720, reduced parasite densities by 62% when tested in a phase I-IIb trial in Papua New Guinean children[@b26]. However, the reduction in parasitemia was biased towards parasites containing the 3D7 MSP2 allele[@b26][@b27], and consequently a higher incidence of morbidity associated with FC27 MSP2-type parasites was reported. A subsequent phase I trial of a combination of 3D7 and FC27 alleles of full-length MSP2, adjuvanted in Montanide ISA720[@b24], exhibited functional activity *in vitro* that included ADCI[@b24] and complement-mediated inhibition of parasite growth[@b22]. These trials suggested that MSP2 vaccines can induce functional responses that may mediate *in vivo* protection, but highlighted the need to evaluate the benefits of including the VR from both alleles, as well as the conserved NTR and CTR.

The functional role of NTR and CTR epitopes is unclear but it would seem logical that targeting these conserved epitopes could mediate strain-transcending immunity. Some of the antibodies to these conserved epitopes do not recognize native MSP2, despite recognizing recombinant MSP2[@b19][@b28]. Moreover, it has been observed that the NTR can contribute to fibril formation of recombinant MSP2[@b29][@b30]. It is therefore important to determine which aspects of the NTR and CTR are advantageous in construct design. In order to overcome the allele-specific immune response, it has been proposed that the VR of the two allelic types of MSP2 (3D7 and FC27) should be included in an MSP2 vaccine[@b24][@b31]. In this study, we sought to determine the effects of immunizing with six truncated and chimeric MSP2 constructs compared to using a combination of both alleles of full-length MSP2[@b32]. Chimeric antigens also offer the potential advantages of simplified manufacture, simplified quality assurance and reduced costs, which may be particularly important in the context of future multi-component vaccines targeting multiple stages of the *Plasmodium* life cycle[@b33].

In this work we have exploited the highly disordered structure of MSP2, in which all epitopes mapped to date consist of short linear sequences[@b19], to investigate the roles of the conserved and variable regions of 3D7 and FC27 MSP2 in shaping the antibody repertoire against these proteins. A series of MSP2 constructs was designed to accommodate both allelic forms of the protein as well as permutations in their conserved, polymorphic and repeat regions. These chimeras allowed us to test whether, by manipulating the composition of these chimeras, we could enhance the immune response, target it toward potentially protective epitopes, remove the propensity of MSP2 for aggregation, and modulate the IgG subclass distribution elicited by MSP2.

Results
=======

Rationale, design and production of engineered MSP2 constructs
--------------------------------------------------------------

We designed a set of chimeric antigens ([Fig. 1B](#f1){ref-type="fig"}) consisting of different regions of 3D7 and FC27 MSP2 in order to address two issues: 1) could chimeric MSP2 constructs induce effective antibody responses to both 3D7 and FC27 forms of MSP2, and 2) what impact did the conserved regions have on the immunogenicity and aggregation propensity of MSP2. We name these constructs using a scheme in which the NTR and CTR are denoted as N and C, respectively, and the VR of 3D7 and FC27 are denoted as V~3D7~ and V~FC27~, respectively. Accordingly constructs, NV~FC27~, and V~FC27~C, represent FC27 MSP2 lacking the conserved CTR or NTR, respectively, while NV~3D7~V~FC27~C is a simple chimera containing both VRs flanked by the NTR and CTR, and V~3D7~V~FC27~C and V~3D7~V~FC27~ lack one or both conserved regions, respectively. In NV~mFC27~V~m3D7~C, the order of the VRs is inverted, and the number of repeat regions reduced in order to assess the role of the VR in aggregation propensity as well as the significance of tandem repeat sequences for immunogenicity of other epitopes of MSP2 ([Fig. 1B](#f1){ref-type="fig"}). The complete amino acid sequences of all constructs are given in [Table S1](#S1){ref-type="supplementary-material"}.

All constructs were produced in an *E. coli* expression system optimised for high-yield expression of MSP2[@b18]. The purified proteins migrated as single bands in SDS-PAGE ([Fig. 1C](#f1){ref-type="fig"}) and were pure by analytical HPLC ([Fig. S1](#S1){ref-type="supplementary-material"}). All MSP2 constructs used had anomalous relative molecular masses on SDS-PAGE ([Fig. 1C](#f1){ref-type="fig"}), as expected for highly hydrophilic intrinsically disordered proteins[@b34]. However, LC-MS data confirmed that all MSP2 constructs had the expected molecular mass ([Table S2](#S1){ref-type="supplementary-material"}) and purity \>99% ([Fig. S1](#S1){ref-type="supplementary-material"}). Estimated endotoxin levels were less than 0.1 EU/μg protein ([Table S2](#S1){ref-type="supplementary-material"}).

Protein aggregation is reduced in chimeric constructs
-----------------------------------------------------

Both allelic forms of full-length recombinant MSP2 are intrinsically disordered and are prone to aggregation and fibril formation in solution[@b17][@b35]. This aggregation is driven by the conserved NTR of MSP2, but FC27 MSP2 is much more prone to aggregation than 3D7 MSP2, indicating that variable-region sequences also play a role in modulating aggregation propensity[@b29][@b30][@b35][@b36]. Size-exclusion chromatographic analysis of the six designed MSP2 constructs used in this study detected aggregation only in NV~FC27~ ([Fig. S2](#S1){ref-type="supplementary-material"}), which consists of the NTR and the VR of FC27, but lacks the CTR. NV~3D7~V~FC27~C, which contains the conserved NTR followed by 3D7 VR, was not prone to aggregation ([Fig. S2](#S1){ref-type="supplementary-material"}), confirming that residues following the NTR modulate aggregation.

Immunogenicity of the MSP2 constructs
-------------------------------------

Montanide ISA720 was selected as the adjuvant for the mouse immunogenicity studies because of its use in previous phase I and II studies of MSP2[@b24][@b37]. Endpoint titres (EPT) were calculated for total IgG responses and compared with a single sera dilution of 1:20,000 to ensure that this sera dilution was within the linear range of the assay. EPT and the single sera dilution at 1:20,000 were highly correlated ([Fig. S3](#S1){ref-type="supplementary-material"}), so single sera dilutions were used for the subsequent analyses. IgG levels in sera of mice immunized with the mixture of full-length 3D7 and FC27 MSP2 were not significantly different from those in sera of mice immunized with either 3D7 or FC27 MSP2 alone ([Fig. 2A](#f2){ref-type="fig"}). Unexpectedly, the response generated by the mixture of the two alleles displayed a degree of strain-specificity, with a significantly higher ELISA signal seen on plates coated with FC27 MSP2 than on those coated with 3D7. IgG responses elicited by the C-terminally truncated FC27 construct NV~FC27~ were similar to those elicited by full-length FC27, whereas the N-terminal truncation, V~FC27~C, generated a somewhat weaker response ([Fig. 2B](#f2){ref-type="fig"}).

The majority of the chimeric MSP2 constructs induced total anti-MSP2 IgG levels similar to those induced by immunization with full-length 3D7 or FC27 MSP2 ([Fig. 2C](#f2){ref-type="fig"}). Moreover, in contrast to the response to the mixture of FC27 and 3D7 MSP2, most chimeras generated responses that were not strain-specific. Lower total IgG levels were induced by V~FC27~C and V~3D7~V~FC27~, both of which lacked the conserved NTR. However, V~3D7~V~FC27~C, which also lacks the NTR, induced high IgG levels. V~3D7~V~FC27~ differs from V~3D7~V~FC27~C only in the absence of the conserved CTR, but generates lower IgG responses than V~3D7~V~FC27~C and all other constructs ([Fig. 2](#f2){ref-type="fig"}). These results suggest that both conserved regions are important for the IgG response, albeit in a somewhat context-dependent manner.

Specificity of the response to a mixture of full-length 3D7 and FC27 MSP2
-------------------------------------------------------------------------

The epitope specificity of the antibody responses was determined using an overlapping peptide array that included the NTR, VR of both allelic variants, and the CTR. Epitope-specific responses for animals immunized with full-length 3D7 and FC27 ([Fig. 3A,B](#f3){ref-type="fig"}) were in agreement with the pattern of antigenicity described previously in mice, rabbits and in humans[@b18][@b38][@b39]. Robust responses were observed to conserved epitopes spanning the entire NTR, to multiple epitopes within the VRs of both MSP2 alleles, and to two distinct sequences within the CTR ([Fig. 3A--C](#f3){ref-type="fig"}). The response to the mixture of 3D7 and FC27 MSP2 showed broadly similar specificity to those induced by the two individual immunizations ([Fig. 3C](#f3){ref-type="fig"}). However, although responses to conserved-region epitopes were identical across the three immunization groups, the responses to VR epitopes were somewhat weaker in the 3D7 + FC27 MSP2 immunization group. This was particularly true of the 3D7 MSP2 variable region (except in responses against 3D7-specific repeats, peptides 7--11), consistent with the strain specificity observed in this response ([Fig. 3C](#f3){ref-type="fig"}). Unexpectedly, the response induced by the mixture retained significant strain-specificity for FC27 MSP2.

The impact of MSP2 conserved regions on the specificity of the antibody response to variable region epitopes
------------------------------------------------------------------------------------------------------------

Removal of the conserved regions of MSP2 resulted in reduced immunogenicity of the FC27 MSP2 constructs, as measured by total IgG levels, with this reduction being more marked for the construct lacking the NTR ([Fig. 2B](#f2){ref-type="fig"}). To examine this effect in more detail, epitope mapping of responses from mice immunized with each of the chimeras was also undertaken using the peptide array. The antibody responses evoked by FC27 MSP2 constructs lacking either the N- or C-terminal region (i.e. V~FC27~C and NV~FC27~) were broadly similar ([Fig. 4](#f4){ref-type="fig"}), but these responses were weak compared to the strong response to numerous VR epitopes induced by full-length FC27 MSP2 (compare peptides 47--76 in [Figs 3B](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). This result suggests that both the N- and C- terminal conserved regions are necessary to induce robust antibody responses to the VR, at least in the context of FC27 MSP2.

Chimeric MSP2 antigens elicit antibody responses to both conserved and variable region epitopes
-----------------------------------------------------------------------------------------------

The chimeric 3D7-FC27 MSP2, NV~3D7~V~FC27~C, elicited antibody responses against epitopes in both the NTR and CTR as well as epitopes in the VR of both alleles ([Fig. 5A](#f5){ref-type="fig"}). In contrast to the antibodies elicited by immunization with the mixture of 3D7 and FC27 MSP2, which reacted more strongly with conserved epitopes ([Fig. 3C](#f3){ref-type="fig"}), the strongest antibody responses to NV~3D7~V~FC27~C were to variable region epitopes. Thus, the response induced by the chimeric antigen NV~3D7~V~FC27~C appeared to offer an improved balance between conserved and variable region epitopes.

Removal of the N-terminal conserved region was anticipated to decrease the aggregation and fibril-formation tendencies of MSP2 ([Fig. S2](#S1){ref-type="supplementary-material"}), although we found that it also affected the response to the FC27-specific epitopes in V~FC27~C ([Fig. 4B](#f4){ref-type="fig"}). Accordingly, we examined the effects of removal of that region from the chimeric antigen ([Fig. 5B](#f5){ref-type="fig"}). In striking contrast to the results with the N-terminally deleted FC27 MSP2 (V~FC27~C), the antibody response to the chimeric antigen lacking the N-terminus (V~3D7~V~FC27~C) showed improved reactivity with epitopes in the VR of both 3D7 and FC27 MSP2, as well as in the CTR (compare [Figs 4](#f4){ref-type="fig"}B and [5](#f5){ref-type="fig"}B). These results indicate that removal of the conserved NTR can not only minimize the tendency for protein aggregation but, in this construct, also enhance antibody responses to the VR and CTR.

To further examine the role of conserved regions in the development of a robust antibody response, we immunized animals with V~3D7~V~FC27~, which consists of only the VR regions of both 3D7 and FC27. The resulting sera showed significantly reduced reactivity to the epitopes in the VR ([Figs 2C](#f2){ref-type="fig"} and [5C](#f5){ref-type="fig"}), confirming the importance of the CTR for a robust antibody response against MSP2. Finally, we examined the response to NV~mFC27~V~m3D7~C, in which the two VRs were presented in the opposite order, relative to the previous chimeras, and in which the tandem repeat regions were truncated ([Fig. 1](#f1){ref-type="fig"}, [Table S1](#S1){ref-type="supplementary-material"}). The observed response was similar in magnitude and fine specificity to that seen for NV~3D7~V~FC27~C ([Figs 2C](#f2){ref-type="fig"} and [5D](#f5){ref-type="fig"}). However, truncation of one 32-residue repeat sequence in FC27 VR supressed the immunogenicity of the remaining 32-residue repeat sequence (peptides 50--62, [Fig. 5D](#f5){ref-type="fig"}), while removal of the complete GGSA repeat sequence of 3D7 VR improved the immunogenicity of the remaining 3D7 VR epitopes. This suggests that the number of 32-residue repeats in FC27 MSP2 predominantly affects reactivity to epitopes encoded by the 32-mer, whereas the GGSA repeat sequence in 3D7 MSP2 may compromise the immunogenicity of other 3D7 VR epitopes.

IgG subclass responses to different MSP2 constructs
---------------------------------------------------

Human anti-MSP2 antibodies may mediate protection by Fc receptor-mediated processes including ADCI[@b24] and opsonic phagocytosis[@b23], and by complement-mediated growth inhibition[@b22]. Therefore it is likely that a human MSP2-based malaria vaccine will need to induce and sustain high titres of IgG1 and/ or IgG3 antibodies, which mediate these effector mechanisms, as is seen with naturally-acquired anti-MSP2 responses[@b20][@b40][@b41]. IgG1 was the dominant subclass response to all MSP2 constructs, including the four chimeras studied here, in mice ([Fig. 6A](#f6){ref-type="fig"}), but, in contrast to human IgG1, murine IgG1 effector functions are not mediated by interactions with Fc receptors or complement. Lower levels of IgG2b and IgG2c antibodies were induced by the MSP2 constructs although the highest IgG2b and IgG2c responses were observed in mice immunized with V~3D7~V~FC27~C ([Fig. 6B,C](#f6){ref-type="fig"}). These murine subclasses, which share characteristics with human IgG3 and IgG1, respectively, are cytophilic and complement fixing[@b42]. IgG3 responses were negligible ([Fig. 6D](#f6){ref-type="fig"}).

Chimeric MSP2 antigens elicit antibodies capable of strain-independent recognition of parasite extracts
-------------------------------------------------------------------------------------------------------

An important requirement of a protective immune response against MSP2 is the ability to recognize the protein on the parasite surface. We have characterized several epitopes on recombinant MSP2 that appear to be significantly less accessible on the parasite surface[@b19], and have shown that the masking of these epitopes is recapitulated in parasite-derived material examined by western blot[@b19]. Accordingly, we have employed this approach to test the antisera raised against each of our MSP2 constructs, using parasite strains expressing 3D7 and FC27 MSP2 ([Fig. 7](#f7){ref-type="fig"}). The antisera raised against individual MSP2 alleles showed cross-reactivity in western blot, indicating that, despite the extensive masking of conserved region epitopes, some antibodies to the conserved regions are able to recognize MSP2 on the parasite surface. In contrast, no such cross-reactivity is observed for the truncated versions of FC27 MSP2 lacking either the conserved N- or C-terminal regions, despite the presence of antibodies reactive to the remaining conserved region in each case, as judged from the peptide array data ([Fig. 4](#f4){ref-type="fig"}) and the cross-reactivity of total IgG and IgG subtypes ([Figs S4 and S5](#S1){ref-type="supplementary-material"}). This suggests that generating antibodies to the conserved epitopes of MSP2 on the parasite requires the presence of both conserved regions, at least in the context of FC27 MSP2 ([Fig. 7C, E and F](#f7){ref-type="fig"}). Antibodies elicited by the mixture of 3D7 and FC27 MSP2 allelic forms, as well as by all chimeric constructs, robustly recognize parasites of both strains, confirming that either approach represents an effective strategy for the generation of strain-transcending antibody responses to native MSP2.

Discussion
==========

The phase IIb Combination B vaccine trial strongly suggested that immune responses against MSP2 are protective[@b26][@b27][@b43]. The strain-specific protection observed in that study indicated that epitopes within the central variable regions are likely to mediate such responses and that vaccine formulations will need to include multiple MPS2 alleles to afford protection against different parasite strains[@b26][@b44]. Fortunately, epitopes in the variable region are known to be naturally immunogenic[@b21] and much of the variability is dimorphic[@b13], suggesting that a bivalent vaccine may be sufficient to cover the natural antigenic diversity of MSP2. In a subsequent phase I study, a mixture of two representative allelic forms of MSP2[@b24] induced antibody responses to the central variable region as well as to conserved C-terminal epitopes. Antibodies from this study were shown to inhibit *in vitro* parasite growth when acting in conjunction with complement or monocytes[@b22][@b24], suggesting that responses to C-terminal epitopes may also be functionally important. Our study sought to determine if vaccine delivery would be more effective using two recombinant antigens or a chimeric vaccine.

Studies of chimeric antigens based on other vaccine candidates have demonstrated that antigenic diversity can effectively be addressed using this approach[@b45][@b46]. Both strategies of immunization (chimeric antigens and a mixture of antigens) have yielded evidence for distinct antibody specificity and, in some cases, distinct functional responses, compared with those elicited by monovalent antigens[@b45][@b46][@b47][@b48]. Nonetheless, the relative merits of these two strategies are not well understood. The series of immunizations described in our study has been designed to assess these issues in the context of MSP2, and to evaluate the significance of the conserved NTR and CTR for the immunogenicity and aggregation propensity of MSP2.

One key advantage proposed for chimeric antigens over multivalent vaccines arises from the simpler production, formulation, quality assurance process and reduced costs likely to be associated with the development of a single chimeric construct. This is expected to be particularly significant in the context of a future multi-component malaria vaccine. On the other hand, the yields of some chimeric constructs are dramatically lower than their constituent antigens[@b45], presumably due to challenges associated with the correct folding of structured antigens in the context of larger chimeras. In this respect, the highly disordered nature of MSP2, which obviates the need for folding, represents a key advantage. Indeed, the yields of all constructs examined here are comparable to those of recombinantly expressed 3D7 and FC27 MSP2. Moreover, the specificity of the antibody response across all of these constructs is consistent with our previous observations[@b18]. We observed that antibody responses to all constructs were focused on a relatively small number of epitopes corresponding to regions of MSP2 that we and others have shown to be particularly immunogenic[@b18][@b32][@b38][@b49]. This result suggests that the conformational and antigenic properties of MSP2 are for the most part preserved in the context of these chimeras. However, we did observe some unexpected and context-dependent effects with the inclusion of the NTR and CTR on the overall immunogenicity of these chimeras and the fine specificity of the antibody response they elicit. The basis of these effects is unclear, but they may be mediated by T-cell epitopes present within the conserved regions of MSP2[@b50][@b51].

For the structured antigen AMA1, immunization with mixtures of diverse alleles elicited a bias towards conserved region epitopes in rabbits[@b48][@b52]. That was rationalised in terms of the relative dilution of polymorphic epitopes, and its impact on B-cell affinity maturation against AMA1[@b52][@b53]. The desirability of this effect will ultimately reflect a trade-off between the extent of antigenic diversity on the one hand, and the relative functional capacities of antibodies to conserved and variable epitopes on the other. In the case of MSP2, most variable region epitopes are essentially dimorphic and so are effectively covered by the two major allelic forms. Epitopes in the MSP2 variable region appear to be important targets for protective immunity, while many conserved region epitopes are masked on the parasite surface and therefore unlikely to play a protective role[@b19][@b28]. However, the importance of conserved MSP2 epitopes to functional antibody responses is yet to be established.

MSP2 has a propensity to form fibrillar aggregates[@b29][@b35]. While aggregated forms of some antigens are more immunogenic than their monomeric forms[@b54][@b55][@b56], aggregated antigens may also generate low-affinity or autoreactive antibodies[@b57][@b58]. Our MSP2 constructs showed reduced aggregation propensity compared to the native protein, presumably a consequence of the low fibril propensity imposed by the arrangement of the MSP2 sequences in the constructs used in this work. For example, aggregation is abolished in NV~3D7~V~FC27~C and NV~mFC27~V~m3D7~C where the NTR is followed by 3D7 VR and a stretch of residues from the 3D7 VR, respectively. This supports the conclusion that residues immediately C-terminal to the conserved N-terminal region in native FC27 MSP2 contribute to its aggregation. Furthermore, it demonstrates that aggregation can be ameliorated in chimeric MSP2 antigens by appropriate construct design, and represents another advantage of the chimeric antigens over a mixture of individual antigens.

Variation in the number of tandem repeat sequences could affect their immunogenicity[@b14]. This is further confirmed in this work, where the removal of one 32-residue repeat diminished the immune response to the other 32-residue repeat in NV~mFC27~V~m3D7~C. Surprisingly, in the same construct the removal of 3D7 allele-specific GSA-rich sequences improved the response to the epitopes in 3D7 MSP2 dimorphic region. This suggests that the GSA repeats may modulate the immunogenicity of the epitopes in the 3D7 MSP2 dimorphic region and may explain why 3D7 MSP2 is less immunogenic than FC27 MSP2 in the mixture of the two antigens.

Anti-MSP2 antibodies associated with protection in natural infections are mainly IgG1 and IgG3 subtypes[@b11][@b20][@b40][@b41][@b43], with IgG1 predominant in children and IgG3 predominant in older malaria-exposed individuals[@b41]. These cytophilic subclass responses are likely to be important in eliciting complement- and monocyte-mediated effector responses. The IgG subtypes elicited by the MSP2 constructs tested in this work are biased mainly towards murine IgG1 and IgG2b subclasses. Murine IgG2b shares many features with human IgG3[@b42]. In our experiments, the chimeric construct V~3D7~V~FC27~C was able to induce strong antibody responses reactive to the conserved C-terminal and VR region epitopes of both 3D7 and FC27 MSP2 alleles. This construct also provided a more balanced IgG subtype response, shifting the dominance of IgG1 towards IgG2b without significantly affecting the total IgG titre. A better understanding of the mechanisms responsible for protection by antibodies targeting MSP2[@b22][@b23] and of the IgG subclasses responsible for those effector responses will enable the design of optimal MSP2-based constructs for inclusion in a future malaria vaccine.

These results demonstrate that our chimeric approach enables both the fine epitope specificity and the distribution of IgG subclasses to be optimised. The V~3D7~V~FC27~C chimera was able to induce IgG levels that were the equivalent of that obtained from immunizing with co-administered 3D7 + FC27, but was able to induce stronger IgG2b and IgG2c responses. This chimera induced strong responses against the 3D7- and FC27-specific epitopes, as well as strong response to the C-terminal conserved epitopes. The V~3D7~V~FC27~C chimera demonstrates that such approaches can achieve responses that are equivalent to or better than those of admixed recombinant antigens, while providing potential advantages in manufacture and cost.

Methods
=======

Expression of MSP2 chimeras and truncated FC27 MSP2 proteins
------------------------------------------------------------

Full-length 3D7 MSP2 (JN248383) and FC27 MSP2 (JN248384) alleles ([Fig. 1A](#f1){ref-type="fig"}) expressed in *E. coli* to GMP standards were available from a recent phase I clinical trial[@b24]. Codon-optimized gene sequences for six MSP2 constructs (truncated FC27 MSP2 and chimeras) were obtained from GenScript ([Fig. 1B](#f1){ref-type="fig"}), as follows: NV~FC27~ - FC27 MSP2 without the CTR (FC27 MSP2~1--171~); V~FC27~C - FC27 MSP2 without NTR (FC27 MSP2~26--221~); NV~3D7~V~FC27~C - NTR, 3D7 MSP2~1--179~ followed by FC27 MSP2~26--171~ (with two 12-residue repeats) and CTR; V~3D7~V~FC27~C- 3D7 MSP2~26--179~ followed by the FC27 MSP2~26--171~ and CTR; V~3D7~V~FC27~- VR of 3D7 MSP2~26--179~ followed by the VR of FC27 MSP2~26--171~; NV~mFC27~V~m3D7~C - NTR, followed by the modified variable regions of FC27 MSP2~64--171~, 3D7 MSP2~58--179~ and CTR. The amino acid sequences of all MSP2 constructs are shown in [Table S1](#S1){ref-type="supplementary-material"}.

Synthetic genes were sub-cloned into a pET32a vector at KpnI and NcoI restriction sites for expression as thioredoxin-fusion proteins. The sequence of each fusion protein was confirmed by DNA sequencing. MSP2 plasmids were transformed into *E. coli* BL21 (DE3) cells and protein expression was carried out at 37 °C for 3 h in the presence of 1 mM isopropyl β--D-1-thiogalactoside. The cells were then harvested by centrifugation at 6000 rpm for 15 min and the cell pellets were stored at −80 °C until protein purification.

Protein purification
--------------------

Bacterial cell pellets were resuspended in 20 mM Tris (pH 8.0) buffer containing 100 mM NaCl and 20 mM imidazole in the presence of protease inhibitors (Roche Life Sciences) and lysed by boiling for 10 min[@b59]. The fusion proteins were purified by affinity chromatography as described earlier[@b17][@b18]. Following TEV cleavage of the fusion proteins at 34 °C overnight, the His-tagged thioredoxin was removed by affinity chromatography. The flow-through containing MSP2 was further purified by anion-exchange chromatography and reverse-phase high-pressure liquid chromatography (RP-HPLC). HPLC purification was carried out using a C18 column (250 mm × 10 mm, ZORBAX) equilibrated with solvent A (0.1% TFA in water) and the proteins were loaded at a flow rate of 2 mL/min. The bound proteins were eluted using a linear gradient of acetonitrile (solvent B: 80% acetonitrile/0.1% TFA) over 45 min. The HPLC fractions containing protein were analysed by SDS-PAGE and LC-MS. Final yields of all purified proteins ranged from 2--10 mg/L of bacterial culture. The purified proteins were lyophilized and stored at −80 °C until further use.

Aggregation propensity of MSP2 constructs
-----------------------------------------

The aggregation propensities of all MSP2 constructs were characterized by size-exclusion chromatography prior to immunization experiments. Each construct was incubated at l mg/mL in 25 mM potassium phosphate buffer (pH 6.5) for four weeks at 4 °C prior to testing for aggregation. Samples were also tested after heating at 90 °C for 10 min just before loading onto the size-exclusion column. For size-exclusion chromatography a Superdex-75 column (GE) equilibrated with 25 mM of potassium phosphate buffer was used with a flow rate of 0.5 mL/min.

Protein preparation and mice immunization experiments
-----------------------------------------------------

Full-length 3D7 and FC27 MSP2 and the six designed MSP2 constructs were reconstituted as stock solutions of 1 mg/mL in 10 mM phosphate buffered saline (PBS) and tested for the presence of endotoxin using a Limulus Amebocyte Lysate (LAL) assay kit (GenScript). The kit has a minimum detection limit of 0.005 EU/mL. In this work, the maximum acceptable endotoxin value was set to 0.1 EU/μg protein[@b60]. Protein stock solutions were stored at −80 °C until further use.

Prior to immunizations, MSP2 stock solutions were diluted to 0.35 mg/mL in PBS, heated at 100 °C for 5 min, cooled, then filtered through a 0.02 μm filter to remove MSP2 aggregates. All forms of MSP2 were formulated with Montanide ISA720 at 3:7 ratio (antigen:adjuvant) to a final concentration of 0.1 mg/mL. Female C57BL/6 mice (n = 5 per group for NV~3D7~V~FC27~C and n = 6 per group for other constructs) were inoculated subcutaneously with 100 μL containing 10 μg of formulated antigen at weeks 0, 4 and 8, then euthanized at week 10. The 3D7 MSP2 + FC27 MSP2 group received 10 μg of each antigen (i.e. 20 μg total protein). Sera were collected and stored at −20 °C. All procedures were approved by AMREP AEC (Approval No. E/1417/2013/F) and all methods were carried out in accordance with the approved guidelines.

Antibody characterization with a peptide array
----------------------------------------------

The specificity profile of antibodies induced by immunization with each MSP2 construct was characterized using a peptide array composed of 84 biotinylated 13-mer peptides, with an 8-residue overlap, covering the entire 3D7 and FC27 MSP2 sequences, as described earlier[@b18][@b19]. Nunc MaxiSorp flat-bottom 96-well plates were coated with 1 μg/mL streptavidin in PBS and incubated overnight at 4 °C. Plates were washed with PBS containing 0.05% Tween-20, blocked with 0.5% BSA at 37 °C for 2 h and coated with 1:500 biotinylated peptides. Sera samples were pooled for each immunization group, diluted 1:1000 in blocking solution and added to the peptide array. Antibody detection was performed by the addition of goat anti-mouse IgG-HRP and developed using ABTS (2. 2′-azino-bis\[3-ethyl benzenethiazoline-6-sulfonic acid\]). The colour reaction was quenched by the addition of 1% SDS solution and the optical density was determined at 405 nm. Sera from mice inoculated with adjuvant alone were used as the background control.

Quantification of total IgG and IgG subclasses
----------------------------------------------

Anti-MSP2 IgG was quantified by ELISA using Nunc MaxiSorp flat-bottom 96-well plates coated with full-length recombinant MSP2 (3D7, FC27) and the other MSP2 constructs at 1.25 μg/mL overnight at 4 °C. Plates were washed with PBS containing 0.05% Tween-20 and blocked with 0.1% casein at 37 °C for 2 h. Sera collected from individual mice were serially diluted to calculate total IgG endpoint titres (EPT) for the two full-length MSP2 antigens and the six designed MSP2 constructs. These EPT were compared with a single sera dilution of 1:20,000 to ensure that this sera dilution was within the linear range of the assay. EPT and the single sera dilution at 1:20,000 were highly correlated ([Fig. S3](#S1){ref-type="supplementary-material"}), so single sera dilutions tested in duplicate were used for the subsequent analyses. Total IgG and IgG subclasses were quantified using goat anti-mouse IgG-HRP, IgG1-HRP, IgG2b-HRP, IgG2c-HRP and IgG3-HRP diluted 1:2,000 in blocking buffer. HRP activity was visualised with ABTS read at 405 nm. Sera from mice inoculated with adjuvant alone were used as the background control. A titration of pooled sera from MSP2 immunized mice was added to each plate to allow normalisation of values across different plates.

Antibody reactivity with parasite lysate
----------------------------------------

*P. falciparum* 3D7 and FC27 (D10 clone) strains were cultured in human erythrocytes at a hematocrit of 3% in RPMI media supplemented with 10% AlbuMAX II. Infected erythrocytes were harvested at the schizont stage of parasite development at 10% parasitaemia, then lysed with 0.1% saponin. Parasite lysates were fractionated by SDS-PAGE, then transferred to nitrocellulose membranes. Blots were blocked with 5% skim milk, incubated with a 1:500 dilution in 5% skim milk of pooled sera from each group of immunized mice, washed with PBS containing 0.05% Tween-20 (PBS-T), incubated with 1:5,000 goat anti-mouse IgG HRP, washed with PBS-T and developed with Amersham ECL Western Blot detection kit (GE Healthcare).

Statistical analysis
--------------------

Total IgG and IgG subclasses (IgG1, IgG2b, IgG2c, IgG3) from each group were compared statistically between recombinant 3D7 and FC27 MSP2 coated ELISA plates using Wilcoxon matched pairs signed rank test. Tests were performed one-sided when there was an expectation of specificity, and two-sided otherwise. Additionally, the Kruskal-Wallis test with Dunn's post test was performed for each immunization group against recombinant 3D7, FC27 MSP2 and designed MSP2 constructs across total IgG and IgG subclasses.
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![(**A**) Schematic representation of recombinant 3D7 and FC27 MSP2 constructs and the binding regions of previously identified mouse monoclonal antibodies[@b19]. (**B**) Representation of truncated and chimeric MSP2 constructs used in this work. Truncated constructs were derived from the excision of either conserved N-terminal or C-terminal regions. Chimeric constructs were generated by the fusion of 3D7 and FC27 variable regions in the presence or absence of the conserved N- or C-terminus. (**C**) SDS-PAGE analysis of purified full-length 3D7 MSP2, FC27 MSP2 and other MSP2 constructs: NV~FC27~ - FC27 MSP2 without the CTR (FC27 MSP2~1--171~); V~FC27~C - FC27 MSP2 without NTR (FC27 MSP2~26--221~); NV~3D7~V~FC27~C - NTR, 3D7 MSP2~1--179~ followed by FC27 MSP2~26--171~ (with two 12-residue repeats) and CTR; V~3D7~V~FC27~C- 3D7 MSP2~26--179~ followed by the FC27 MSP2~26--171~ and CTR; V~3D7~V~FC27~- VR of 3D7 MSP2~26--179~ followed by the VR of FC27 MSP2~26--171~; NV~mFC27~V~m3D7~C - NTR, followed by the modified variable regions of FC27 MSP2~64--171~, 3D7 MSP2~58--179~ and CTR. Gel was loaded with 1.25 µg of protein per well and stained with Coomassie Blue.](srep20613-f1){#f1}

![Anti-MSP2 responses of mice immunized with recombinant MSP2 constructs.\
Total IgG levels tested against 3D7 (black) and FC27 (red) MSP2 measured by ELISA. Responses to 3D7 and FC27 MSP2 were compared with those to the mixture of the two alleles (**A**), to N- and C-terminally truncated FC27 MSP2 (**B**) and to MSP2 chimeras (**C**). The difference in responses to 3D7 and FC27 alleleic variants was compared using the Wilcoxon matched pairs test, while between-group comparisons were made by the Kruskal-Wallis test. \* denotes p \< 0.05; OD, optical density.](srep20613-f2){#f2}

![Epitope mapping for 3D7 and FC27 MSP2, and for the mixed immunization, by peptide array using ELISA[@b19].\
Linear epitopes along 3D7 MSP2 and FC27 MSP2 were mapped using pooled sera from mice immunized with recombinant full length 3D7 or FC27 MSP2 and a mixture of 3D7 and FC27 MSP2 (**A**--**C**, respectively). The corresponding epitopes of known mouse mAbs are indicated. Antibody reactivity towards 3D7 and FC27 is uniform towards their conserved and variable regions (**A**,**B**) in contrast to immunizations using a mixture of both alleles which shows broad epitope coverage albeit lower overall reactivity (**C**). In all peptide arrays (including [Figs 4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}), the small differences in the reactivity to the conserved C-terminal epitopes are due to a small difference between the linear peptide sequences extending from the central 3D7 and FC27 dimorphic regions. OD, optical density.](srep20613-f3){#f3}

![Epitope mapping for NV~FC27~ and V~FC27~C constructs by peptide array using ELISA[@b19].\
Linear epitopes along 3D7 MSP2 and FC27 MSP2 were mapped by peptide array for sera from mice immunized with NV~FC27~ and V~FC27~C (**A,B** respectively) constructs. The respective regions of known mouse mAbs are indicated in the schematic. Epitope mapping assays were conducted using pooled mice sera from each of the immunization groups. The overall reactivity to the VRs is reduced when compared to the reactivity to the full-length FC27 MSP2 ([Fig. 3B](#f3){ref-type="fig"}). OD, optical density.](srep20613-f4){#f4}

![Epitope mapping for MSP2 chimeras by peptide array using ELISA[@b19].\
Linear epitopes along 3D7 MSP2 and FC27 MSP2 were mapped for sera from mice immunized with MSP2 chimeric constructs. The corresponding epitopes of known mouse mAbs are indicated. The overall reactivity to the 3D7 and FC27 epitopes is comparable for the NV~3D7~V~FC27~C (**A**) and improved for the V~3D7~V~FC27~C construct (**B**). The reactivity is reduced for V~3D7~V~FC27~ (C), which is lacking conserved NTR and CTR, and improved and reduced, respectively, for the 3D7 and FC27 VR regions when the GSA repeats and 32-residue repeats were removed in the chimera NV~mFC27~V~m3D7~C (**D**). OD, optical density.](srep20613-f5){#f5}

![Anti-MSP2 IgG subtype (**A--D** corresponding IgG1, IgG2b, IgG2c and IgG3, respectively) responses of mice sera following immunization with recombinant 3D7, FC27 and other MSP2 constructs. Total IgG subclass levels measured by ELISA against 3D7 MSP2 (black), FC27 MSP2 (red) coated antigens using sera from mice immunized with full-length recombinant 3D7, FC27 and other MSP2 constructs. Data shown here are for sera diluted at 1:20,000. Five mice for NV~3D7~V~FC27~C construct and six mice for all other constructs were included in each of the immunization groups, with the mean and standard deviation indicated. IgG1 and IgG2b response was biased towards FC27 MSP2 for FC27 MSP2, NV~FC27~ and NV~3D7~V~FC27~C constructs, while the IgG1 response was biased towards 3D7 MSP2 and for the 3D7 MSP2 and NV~mFC27~V~m3D7~C. IgG1 and IgG2c response was biased towards the 3D7 MSP2 for the NV~mFC27~V~m3D7~C construct. There was no difference in the IgG3 subclass observed. On the other hand, more balanced IgG subclasses were observed for the mixture of 3D7 and FC27 MSP2, NV~3D7~V~FC27~C, V~3D7~V~FC27~C and V~3D7~V~FC27~ constructs despite the presence or absence of the conserved NTR and CTR. The difference in responses to 3D7 and FC27 allelic variants was compared using the Wilcoxon Matched Pairs Test. OD, optical density.](srep20613-f6){#f6}

![Western blot analysis of the Reactivity of mice sera against *P. falciparum* lysates following immunization with MSP2 constructs.\
Imunization with different MSP2 constructs promoted a strong antibody response that recognized the native MSP2 in 3D7 and FC27 (D10 clone) parasite extracts. Removal of either the conserved N-terminal or C-terminal regions of FC27 MSP2 abolished the cross-reactivity to the 3D7 parasite (NV~FC27~ and V~FC27~C). The labels at the left bottom side of the gel indicate the corresponding constructs used in mice immunization experiments. M = protein marker and 1 and 2 indicated the 3D7 and FC27 (D10 clone) parasite extracts, respectively. Panels (**C**--**H**) show that antibodies cross-react with aggregated forms of FC27, albeit more weakly than with the monomeric species. (Panel **I**) shows that this cross-reactivity is even weaker in the absence of the conserved N- and C-terminal conserved regions. It is also suppressed in the NV~mFC27~V~m3D7~C chimera (panel **J**).](srep20613-f7){#f7}
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